Diabolical points, which originate from parameter-dependent accidental degeneracies of a system's energy levels, have played a fundamental role in the discovery of the Berry phase as well as in photonics (conical refraction), in chemical dynamics, and more recently in novel materials such as graphene, whose electronic band structure possess Dirac points. Here we discuss diabolical points in an optomechanical system formed by multiple scatterers in an optical cavity with periodic boundary conditions. Such configuration is close to experimental setups using micro-toroidal rings with indentations or near-field scatterers. We find that the optomechanical coupling is no longer an analytic function near the diabolical point and demonstrate the topological phase arising through the mechanical motion. Similar to a Fabry-Perot resonator, the optomechanical coupling can grow with the number of scatterers. We also introduce a minimal quantum model of a diabolical point, which establishes a connection to the motion of an arbitrary-spin particle in a 2D parabolic quantum dot with spin-orbit coupling.
, neutral atoms in optical lattices [12] [13] [14] , and honeycomb photonic systems [15] [16] [17] . When entire electronic bands possess DPs, such as discovered in graphene and topological insulators, in their vicinity the electrons behave as massless fermions obeying the Dirac equation 18, 19 , and the diabolical points are known as Dirac points. This discovery has generated enormous interest and there are many works generalizing the graphene-type model to other physical systems and exploring the associated topological properties 20, 21 . For example, the p topological phase of such Dirac fermions affects the quantum interference corrections to the conductivity, as found in experiments on topological insulators (see Ref. 22 , and references therein).
We study here diabolical points in the coordinate space of cooperative many-body optomechanical systems. The specific realization we focus on is a one-dimensional ring cavity with an embedded Distributed Bragg Reflector (DBR) formed by moveable individual reflectors. This setup can be treated analytically, and is directly applicable to an array of membranes in a ring cavity, see Fig. 1(a) , or a toroidal cavity with indentations 23 , see Fig. 1(b) . More generally, the DBR could be replaced by any type of composite scattering elements (e.g., collections of near-field oscillators 24 , nanoprobes 25 , or atomic clouds 26 ). Mode interactions in Fabry-Perot cavities could give rise to DPs by taking into account three-dimensional features, e.g., the tilt-angle of the scattering elements 27 . However, within the 1D model considered here, periodic boundary conditions are a necessary feature to observe DPs.
Besides their spectroscopic characterization, DPs are most interesting for their consequences on the system's dynamics. In particular, we show that a topological Berry phase can be realized by different types of parameterized cyclic motion of the scatterers. While a geometric phase generally takes arbitrary continuous values, depending on the detailed local structure of the closed adiabatic path (see Ref. 40 for an example in optomechanics), in the special case of a DP the associated Berry phase is only a function of the winding number around the DP. For this reason this type of Berry phase is non-local, i.e., any homologically equivalent path encircling the DP acquires identical discrete phases: it is a more robust phenomenon denoted as a topological phase and bears a strict relation with the Aharonov-Bohm or Aharonov-Casher effect (see, e.g., Ref. 6) . The spectrum and topological phase allow to demonstrate the presence of DPs in experiments and to distinguish them from exceptional points, a different type of singularity recently discussed in optomechanical systems 25, 28, 29 . For mechanical motion at the DP, the transduction of photons between optical branches becomes possible, controlled by LandauZener physics 2 . Noticeably, near a DP the standard perturbative derivation of the optomechanical interaction -where the photon number couples to the mechanical position (linear or quadratic) -breaks down and one must resort to a more fundamental description of the optomechanical interaction. For this reason we consider an explicit optomechanical model which allows us to address in more detail the quantum behavior around a DP. Such model of a DP also establishes an analogy to parabolic quantum dots in semiconductors with a general form of spin-orbit coupling (Rashba plus Dresselhaus 30, 31 ). In the optomechanical system, however, the 'electron' spin is allowed to have an arbitrary value J $ 1/2, determined by the total number of photons.
Results
Occurrence of diabolical points. We consider N identical movable scattering elements embedded in a ring cavity of refractive index n, as shown in Fig. 1 . If each scatterer is assumed to be symmetric, it can be characterized by a real polarizability f ; r/it and a phase factor e iw ; (1 2 if)t (where r is the reflectivity and t the transmittivity). In the equilibrium position, the spacing between the scatterers is d and the cavity length excluding the DBR is L. We fix the origin of coordinates in the center of the L section, such that the first scatterer is at x 5 L/2, see Fig. 1(b) . Under these assumptions, using the transfer matrix for a single scatterer:
and for free propagation on a distance Dx:
the following total transfer matrix of the cavity is obtained:
with the effective polarizability x 5 fU N21 (a), where a 5 cos (nkd 1 w) 2 f sin (nkd 1 w), and U m (x) is the m-th Chebyshev polynomial of the second kind, which satisfies U N21 (cos l) 5 sin Nl/sin l. The effective phase factor is
In order to describe the motion of the mechanical elements around the equilibrium position (while keeping the total length of the cavity L tot 5 L 1 (N 2 1)d unchanged) we consider the cavity transfer matrix M k,dx ð Þfor general coordinates of the scatterers, where dx is the N-dimensional displacement vector of the scatterers from their equilibrium position. The transfer matrix M k,dx ð Þ is derived by using Eqs. (1) and (2) and the wavevectors k of the optical modes satisfy the periodic boundary conditions:
for at least one amplitude vector v T 5 (A L , A R ). We can now characterize the diabolical points of the periodic cavity, which occur at certain values of k corresponding to accidental degeneracies of the optical modes. The clockwise/counterclockwise waves, v T 5 (1, 0)/(0, 1) in Eq. (5), are both eigenmodes of the system at a diabolical point, implying that M 5 1 for this k. Clearly, for the type of one-dimensional model considered here, a degeneracy of the spectrum is impossible in a Fabry-Perot setup since the left/rightpropogating waves are necessarily coupled by the end mirrors and anticrossing in the energy spectrum is unavoidable. We consider first the equilibrium configuration of equidistant scatterers, for which the cavity transfer matrix is given by Eq. (3) . Then, the condition M 5 1 requires the DBR to be transparent (x 5 0) and that the total phase satisfies e iQ 5 1. These two conditions give:
and
where h m 5 mp/N, g
, and m, p, p9 are integers.
Motion of scatterers and linearization. If Eqs. (6) and (7) are satisfied, the equilibrium position with equidistant scatterers coincides with the DP. To find the displacement-dependent energy spectrum around such a DP, one should solve Eq. (5) with the displacement-dependent transfer matrix M k,dx ð Þ. As an example, the two optical branches for a N 5 3 cavity with the middle scatterer fixed (dx 2 5 0) are shown in Fig. 1 in a small region around dx 1 5 dx 3 5 0. Here we have chosen parameters such that the equilibrium position is a diabolical point.
When the scatterers are moved away from the diabolical point, either parametrically or dynamically, the two-fold degeneracy of the unperturbed wavevector k 0 is lifted and the two optical modes have k + dx ð Þ~k 0 zdk + dx ð Þ. We thus perform a linear expansion of the cavity transfer matrix:
which, together with Eq. (5), immediately leads to the following equation:
The explicit dependence of dk + dx ð Þ can be found from Eq. (9) 
where we have obtained, with h
The wavevector derivative is obtained as:
where
and m 5 Q 2 w 2 nk 0 L is the phase shift due to the unperturbed DBR, whose derivative is:
Finally, we can plug these expressions into Eq. (9) to obtain the linearized spectrum at the DP:
whereŝ,ĉ are unit vectors with components s j~ffi ffiffiffiffiffiffiffi ffi
The structure of Eq. (16) shows that the degeneracy is lifted to linear order in the plane defined byŝ,ĉ, also called branching plane (or g-h plane) 7 , while the orthogonal (N 2 2)-subspace is the seam, where the splitting is quadratic or zero (e.g., if all scatterers have the same displacement dx i 5 const. the degeneracy will not be lifted).
In Fig. 1(d) and (e) we show that the linear approximation Eq. (9) is accurate unless the displacements dx i are sufficiently large. In fact, by considering in Fig. 2 a larger range of displacements, we find a complex energy landscape for k 6 , with multiple DPs arranged in an approximately hexagonal pattern. More precisely, an eigenmode with unchanged frequency k 0 can be found by displacing any mirror by p/k 0 . Therefore, the DPs of Fig. 2 form two square lattices (with slightly different periods). By changing the integer values m, p, p9, as well as s, other energy sheets can be addressed. For example, when dx 1 5 2dx 3 5 dx, Eqs. (6) and (7) allow us to find that DPs occur at: www.nature.com/scientificreports
These conical intersections would be accessible, e.g., in experiments with ring cavities coupled to nanoprobes, where the ability to control accurately the scatterer positions has allowed to demonstrate degeneracies associated to exceptional points 25 . A DP can be distinguished from an exceptional point by the functional dependence of the mode splitting on displacements of the nanoprobes, as well as by the markedly different character of the optical modes: instead of approaching a single chiral mode 28, 29 , two degenerate counter-propagating modes coexist at the DP degeneracy.
Optomechanical couplings. We now study in more detail the conical spectrum described by Eq. (16) . Probing the DP requires a two-dimensional motion: as seen from Eq. (16), the change in the frequency of the optical modes has a non-analytic dependence on dx, i.e., the conventional way to derive optomechanical coupling via Taylor expansion fails in general. We will return in the following sections to such non-perturbative features, including the topological phase characterizing two-dimensional loops around the DP. On the other hand, for a mechanical mode involving only one of the principal directions (e.g., a sinusoidal mode with dx!ŝ), the regular optomechanical coupling can be characterized by one of the slopes S 6,m ; hk 6 /hx m (m 5 s, c). These slopes also determine the anisotropy of the DP spectrum in the branching plane.
For the principal directionŝ, Eq. (16) simplifies to:
which we find also applies to the even/odd modes of a Fabry-Perot cavity (we provide in Methods the derivation of this result for a Fabry-Perot cavity). We find that the result for dk 1 
which is smaller than k 0 /d when N $ 2, i.e., the coupling strength cannot exceed the case of a small cavity constructed by two perfectly reflective scatterers. Equation (20) shows that a large value of N is detrimental to the maximum achievable value of dk 1 /dx s . The largest values , k 0 /d are attained for relatively small N, which however also require a large reflectivity ( f j j?1). For scatterers with finite polarizability, the optomechanical coupling is maximized for optimal values of N, m, as shown in Fig. 3 . Considering f?sin h m , the slope S 1,s first increases with N to reach
, which agrees very well with the green (top) solid line in Fig. 3 . Hence, as in Ref. 32 , the enhancement of S 1,s with respect to k 0 /L tot is f ffiffiffiffiffiffiffiffiffiffiffiffi L tot =d p , i.e., reducing the spacing between the scatterers helps to increase the optomechanical coupling. Interestingly, we find that the enhancement factor is approximately independent of m, although the optimal N opt^Ltot sin 2 h m 2df 2 À Á depends on m explicitly. Therefore, working at m 5 1 is convenient to maximize S 1,s with a smaller number of scattering elements. The slopes S 6,c alongĉ can also be found easily from Eq. (16):
This expression, together with Eq. (19), leads to the following inequality (note that S 2,s , 0 and S 1,c 5 2S 2,c ):
which allows us to apply the upper bound Eq. (20) also to jS 2,s j, jS 6,c j. We see that the three solid curves of Fig. 3 satisfy this inequality and that, at fixed h m , both jS 2,s j and jS 6,c j increase monotonically with N and reach the same value of S 1,s when the DBR extends over the whole cavity. The case when d=L tot =1 and the DBR is much shorter than the cavity is interesting because the mode-volume distribution can be substantially modified by the DBR, by becoming more spatially localized. In this regime, the conical intersection is highly anisotropic with S z,s ? S {,s j j, S +,c j j. This feature is already evident in Fig. 3 . In this limit, the DP can be approximated as two planes intersecting at the dx s 5 0 line, thus the usual form of optomechanical coupling is recovered (being dominated by S 1,s ). As S 1,s coincides with the optomechanical coupling in a Fabry-Perot cavity, this regime is essentially equivalent to the one described in Refs. 32, 34. This is not surprising, because the boundary condition has a small effect when the light intensity is concentrated within the DBR. We can thus refer to the detailed discussion in Refs. 32, 34 of the effects of absorption and other small imperfections in the DBR, as well as for an analysis of the optical finesse.
Notice finally that, although we have focused on S 6,m , the actual value of the optomechanical couplings should also take into into account the mechanical mode function u(x) entering the dx s,c [since dx j / u(x j )]. In a ring cavity with sufficiently small indentations 33 , u(x) might be approximately independent of the features of the DBR, but the optomechanical coupling stregnth is still strongly dependent on the specific mechanical mode. As the effect of u(x) is strictly related to the implementation details, we considered S 6,m 5 hk 6 / hx m in order to characterize the general scale of optomechanical couplings.
Topological Berry phase. Besides the conical energy spectrum, DPs are associated to a topological phase for closed loops around the singularity. This property is not only of considerable theoretical interest, but would allow for a definite experimental identification of the DP. While the degeneracy of the spectrum and the linear dependence of the splitting cannot be observed too close to the DP, due to the finite linewidth, the topological phase is a non-local property which is still valid far from the DP. This is in analogy to the original work of Berry and Wilkinson 4 where numerical spectra could not allow one to distinguish a degeneracy from a sufficiently small anticrossing. Nevertheless, DPs could be identified though the presence of a topological phase.
To show this property in our model, we consider the amplitudes A L,R of the eigenvector v 6 of Eq. (9). We find that A
where:
This expression only depends on the polar angle w sc 5 arctan (dx s / dx c ). The above form of Eq. (23) shows that, if we now consider a loop in the x s 2 x c plane, the numerator has a real part with fixed sign, and always maps the original loop into a trivial loops which does not encircle the origin. On the other hand, the denominator deforms the original loop without changing its topology (i.e., if it encircles the origin or not). The net effect is that a change of jDw sc j 5 2p (i.e., a loop around the DP) results in a corresponding change jDc 6 j 5 2p.
Since the spatial dependence of the optical field is / cos (k 6 x 1 c 6 / 2), we recover the well-known p phase shift characterizing conical intersections 4, 5 . For a classical periodic trajectory dx t ð Þ of the scatterer locations, a phase shift p appears for loop B in Fig. 2 . Such type of periodic motion could be realized by forced out-of-phase oscillations of two of the scatterers. An even/odd number of periods implies that constructive/destructive interference of the cavity optical field with a reference optical signal could be observed. On the other hand, the topological Berry phase is absent if dx t ð Þ does not enclose the diabolical point, as for loop A of Fig. 2 , and no topological phase is introduced once the mirrors return to the initial configuration in this case. Such topological phase could also be observed through the quantization of the scatterers motion around the origin, as the DB would act similarly as an Aharonov-Bohm flux for charged particles.
Besides the presence of a topological phase, the DP has significant consequences not only for the adiabatic evolution restricted to the 6 branch, but also for processes involving transitions between the two eigenmodes. This is in analogy to the role played by conical intersections in chemical processes, by allowing non-radiative energy transfer between the molecular energy surfaces. In fact, if we consider a trajectory which crosses dx~0, we see from Eq. (23) that a change of sign dx s,c R 2dx s,c is accompanied by a change of branch to guarantee that the right-hand side does not change discontinuously. Therefore c + ?c + , which shows that trajectories of type C in Fig. 2 can realize an ideal state transfer between the two optical branches.
Quantum model. We would like now to discuss some quantum features of such diabolical points, within a simple optomechanical model. Quantization of the optomechanical interaction is usually achieved by linearization of the frequency dependence on coordinates, v x ð Þa { a^v x 0 ð Þa { azv' x 0 ð Þ x{x 0 ð Þa { a, but this procedure cannot be applied in a straightforward way at a DP. A rigorous quantization of the periodic cavity discussed so far could be accomplished following a similar procedure as Refs. 35, 36 . However, we refrain here from this rather involved task and restrict ourselves to a minimal quantum model, to illuminate the physics.
As clear from the previous ring resonator analysis, a DP originates from a scattering mechanism between two degenerate optical modes, induced by the motion of at least two of the scatterers. This leads us to consider the following Hamiltonian:
where a 6 are bosonic operators for the clockwise/counterclockwise waves and x 1,2 are mechanical degrees of freedom (i.e., the positions of two of the N scatterers within the DBR). The interaction term in Eq. (24) describes the scattering processes between the clockwise/ counterclockwise waves when x 1,2 ? 0. This is analogous to the linear expansion of the transfer matrix M in Eq. (8), where a small reflection coefficient is induced by finite dx i . The scattering amplitudes g 1,2 of Eq. (24) are in general complex and we require Im g
In this case, the polar angle of Q of the total scattering amplitude g 1 x 1 1 g 2 x 2 has a non-trivial dependence on the ratio x 2 /x 1 :
where g i~R e g i ½ and g i~I m g i ½ . For the Hamiltonian in Eq. (24), considering for the moment x 1,2 as classical parameters, the relevant optical eigenmodes A 6 are easily found as:
This expression shows that a conical spectrum is obtained in general.
If we compare Eq. (27) to the linearized spectrum of the ring cavity in Eq. (16), we notice that a term analogous to (1 2 g)dx s is missing here. Such term could be recovered by including linear shifts of the unperturbed frequency in Eq. (24), e.g., V?Vz
The coefficients of the quantum model could then be identified with physical parameters in Eq. (16) . In the following we restrict ourselves to Eq. (24), which already contains the main features of the DP, but our discussion could also be extended to a more complete model.
The non-analytic feature of the DP is also apparent from Eq. (26). Considering the mechanical motion around an equilibrium positioñ
, the phase and normal modes in Eq. (26) are well defined (Q^Q 0 and A +^A 0 ð Þ + ) only for sufficiently small mechanical displacement aroundx 0 =0 (i.e., ifx 0 is away from the DP). On the other hand, whenx 0~0 , Q has no definite value no matter how small the mechanical displacement is. Similar considerations hold for the Taylor expansion of Eq. (27) .
The presence of a topological phase is also easily verified using the Fock states jn 1 , n 2 ae constructed through the A { + operators. The geometrical phase for an adiabatic motion encircling the DP is simply obtained from the integral of the Berry connection:
The constant result (independent on the shape of the path) reveals that the Berry curvature is concentrated at the DP, in analogy to an infinitesimally thin solenoid threaded by a half-integer number (n 1 1 n 2 )/2 of elementary magnetic fluxes. Notice however that the phase factor is not (21) for an arbitrary quantum state, but depends on the parity of the total number of photons. We can interpret this result by associating the e ip phase factor with individual photons, such that the total phase factor is e ip n z zn { ð Þ as in Eq. (28) . The p shift of the optical field inside the cavity, which we discussed earlier with classical arguments, can be recovered by considering the transformation of a coherent state jaae of one of the eigenmodes (we suppose the 6 fields to be uncorrelated). It is easily seen that the transformation jnae R (21) n jnae on the Fock states of the given mode corresponds to a p phase shift of the coherent state jaae R j2 aae. More generally, the effect of the topological phase is to induce the transformation W(x, p) R W(2x, 2p) on the Wigner function of the optical state.
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where i, j5 1, 2 and e ij is the antisymmetric tensor with e 12 5 1. We thus see (in this weak-coupling limit) that the presence of a diabolical point is reflected in the last term of Eq. (37), which entails an interaction between the two mechanical modes i, j5 1, 2, mediated by the cavity through J z . When Im g
, it is not difficult to check using Eqs. (25) (26) (27) that the more usual optomechanical coupling linear in x 1,2 is recovered. For example, if for definiteness g 1,2 5jg 1,2 je iw , the coupling has the form (
with A 6 independent of x 1,2 (since Q5w). In this case, the first term in the second line of Eq. (37) is simply the shift in mechanical energy due to the displaced equilibrium position, proportional to
, while the second term is absent.
A particularly transparent result is obtained for two identical oscillators, i.e., v 1,2 5 v. In that case, the last term of Eq. (37) is / J z L z , where the orbital angular momentum L z 5 x 1 p 2 2 x 2 p 1 is a conserved quantity in the unperturbed Hamiltonian (due to the circular 2D confinement). This type of coupling is well known in quantum dots 38 where the first term in the second line of Eq. (37) is simply a constant, since J 5 1/2. In general the effective Hamiltonian of the optical cavity is given by both terms in the second line of Eq. (37), which only depend on the mechanical angular momentum L z . Conversely, we see that inducing a non-zero value of AEJ z ae favors a certain chirality of the mechanical motion, i.e., a finite value of L z through the AEJ z aeL z coupling. This picture is particularly intuitive in our setup as AEJ z ae ? 0 implies a larger occupation of one of the clockwise/counterclockwise modes of the toroidal cavity [see Eq. (31)]. This, according to Eq. (37) allows one to transfer angular momentum to the 2D mechanical oscillator.
Discussion
We have discussed conical intersections of optical eigenmodes based on a ring cavity with movable scatterers. Characteristic phenomena associated with the presence of DPs, such as the topological Berry phase and adiabatic transduction of photons between optical branches, can be realized in such an optomechanical setup. The Berry phase generated through a DP has a topological character, similar to the Aharonov-Bohm and Aharonov-Casher topological phases, which is distinct from other realizations of geometrical phases in optomechanics 40 . Furthermore, Taylor expansion of the cavity frequency on the small mechanical displacements breaks down at the diabolical point due to the non-analytic spectrum and the dependence of the eigenmodes through ratios of the mechanical displacements. Besides a classical analysis of the ring cavity with deformable DBR, we demonstrate the DP features by a minimal quantum model which, interestingly, provides an optomechanical simulation of parabolic quantum dots with spin-orbit interaction. We thus establish a connection with semiconductor physics and quantum gases, where synthetic generation of spin-orbit interactions has recently attracted considerable interest 41 . Similarly to the latter case 42 , the optomechanical model can also extend the well-known semiconductor Hamiltonian to large-spin particles. A full characterization of the quantized dynamics around the DP seems of particular interest for future investigations. For example, we expect that a more general class of coherent transformations of the optical field can be realized by going beyond the adiabatic limit, since Landau-Zener-type physics becomes relevant slightly away from the degeneracy point. The creation of entanglement between optical and mechanical degrees of freedom could be realized in analogy to proposals with interacting ultracold atoms 12 . However, optomechanical effects not captured by our Eq. (24) could play an important role. Corrections to the non-diagonal terms a { z a { which become larger with the mechanical velocities dx=dt were discussed 35, 36 and would affect the Landau-Zener transition probability. These effects are usually negligible, due to the large mismatch between optical and mechanical frequencies, but should become relevant in the proximity of the DP. Non-diagonal terms, close to the DP, could also be exploited for photon transduction through a resonant interaction between the mechanical motion and the optical cavity 35 . Finally, the scheme described here is relevant for a variety of optomechanical systems, as in particular micro-toroidal rings with indentations 23 and nearfield scatterers 24, 25 , but is also applicable to microwave optomechanics 43 and circuit QED setups 44, 45 .
Methods
Making use of the formulas for the ring cavity, we revisit here the problem of a FabryPerot cavity with embedded DBR. The transfer matrix M k,dx ð Þis the same of the ring cavity, but the boundary condition reads:
which, summing the two components and using M 11~M 
If we consider that the unperturbed DBR is in the transmissive regime, i.e., x 5 0 in Eq. (3), we obtain from Eq. (39) e iQ 5 61, which is related to the parity (even/odd) of the optical eigenmode. Expansion in the small parameters dk, dx gives:
where hM/hdx i has the same form of Eq. (10) but the diagonal elements are given by a j e ink0L~+ 2ik 0 nf 2 sin 2j{1
while b j is unchanged. Also hM/hk has some sign variations from the previous expression Eq. (13) :
By using Eq. (39), we find: 
where the only difference of Eq. (44) from the corresponding expression in Ref. 32 is the presence of L tot instead of L, which is not important when L tot^L (i.e., the DBR occupies a negligible portion of the cavity). Since much of the discussion on optomechanical coupling enhancement of Ref. 32 refers to this case, it remains mostly valid and can be applied to our periodic cavities as well.
